Abstract Maternal nutrition plays an essential role in offspring health and development. Critical stages include: (1) preconception, affecting oocyte development and uterine environment preparation; (2) gestation, affecting uterine environment and placental nutrient transfer and (3) postnatal, through lactation. It remains debatable which stage is most important, but arguably, the most complex cellular events occur during gestation. During this time, embryo development requires a well orchestrated and tightly regulated cascade of genetic, molecular and biochemical events. Among these are epigenetic events necessary for gene expression regulation. These produce heritable yet often reversible states established based on transcriptional needs of the cell. A growing body of research highlights the role of maternal nutrition in determining epigenetic states important for pre-and postnatal development. Here, we discuss recent findings addressing epigenetic response to nutrition with relevance to developmental origins of phenotypic outcome.
Introduction

Developmental Origins of Disease
The concept of fetal origins of adult disease is a paradigm that started with the ''Barker's Hypothesis'' [1] . The concept was initially met with resistance, as studies could not definitively limit disease origins to fetal stages and the presence of numerous other confounding factors in human studies limited the ability to fully test the hypothesis [2] . The more broadly encompassing concept of developmental origins of adult disease (DOAD), which implicates the role of development before, during and after gestation in later stages of health and fitness, is more widely accepted but also remains difficult to support scientifically. This is in part due to the fact that while there is a seemingly clear correlation between these early developmental stages and phenotypic outcome later in life, disease mechanisms and modes of action remain elusive. Here, we discuss recent findings supporting the role of maternal nutrition in developmental origins of disease as it pertains specifically to epigenetic mechanisms. We examine new molecular mechanisms and discuss potential difficulties in dissecting these findings that may delay production of efficient preventative or treatment measures.
The Role of Epigenetic Mechanisms in DOAD
Epigenetic regulation is an essential form of gene expression regulation. A wide variety of specific epigenetic regulatory factors have been identified and are relatively well-characterized including DNA methylation and hydroxymethylation, post-translational modifications to histones, and non-coding RNA. These epigenetic mechanisms often work together and are associated with gene activation or repression depending on the resulting chromatin structure, the type of modification, the genomic location of the modification and the timing or cellular location of epigenetic events [3, 4] . Of utmost importance in the link between nutrition and epigenetic mechanisms is the flexibility of epigenetic states that is not present with genetic (DNA sequence) states. Like DNA sequence, epigenetic states can be heritable. States at some loci are heritable from parent to child (e.g. imprinted loci) while states at many loci are only ''heritable'' from cell to cell through replication. Unlike most DNA sequences, many epigenetic states can be changed. These changes are a necessary part of normal cellular function (e.g. promoter methylation changes during cell differentiation) but can also occur in response to exogenous perturbation. A growing number of both essential and non-essential nutrients perturb epigenetic states. Of particular interest are nutrients that perturb epigenetic states programmed during early development that contribute to offspring health and fitness outcomes. These include members of the one-carbon metabolism pathway such as folate, choline and zinc, fatty acids, proteins and essential vitamins A and D. Recent studies have elucidated new mechanisms, new roles in disease, new susceptibility factors including timing of nutrient intake and genetic influences, and a new understanding of aggregate interactions.
In support of the concept of DOAD, many diseases have been linked to maternal nutrition and epigenetic states in the offspring. These include, but are not limited to, diseases directly associated with nutrient intake such as non-alcoholic fatty liver disease [5] [6] [7] developmental defects such as delay or disruption of embryo or organ development [8] [9] [10] [11] [12] , fertility defects [13, 14] , neurological disorders [15] , and complex traits such as obesity and diabetes [16] [17] [18] [19] . Roles in inflammation and cancer have also been reported [20] [21] [22] [23] [24] [25] . Here, we focus on recently elucidated molecular mechanisms of nutrient involvement in determining epigenetic signatures during early development. These include studies determining windows of susceptibility to nutrientinduced epigenetic response, direct and indirect effects and mechanisms of heritability. We also discuss the role of aggregate effects between maternal nutrition and other environmental stimuli such as other nutrients, genomic environment, and toxicant/drug interactions. Such interactions may clarify some of the unexplained diversity in phenotypic response to nutrient intake and also potentially some of the discord between experiments. These recent findings illuminate our understanding of developmental origins of disease but also show limitations and areas needing more stringent control when translating results to human populations.
Molecular Mechanisms
Determining molecular mechanisms of nutritional influence on epigenetic states during early development starts with determining windows of greatest susceptibility. However, determining accurate windows of susceptibility requires an understanding of the complex system of epigenetic mechanisms and timing of events. One could argue that potential epigenetic dysregulation resulting from nutritional changes would likely occur within a time period where the greatest number of epigenetic changes occurs in the shortest amount of time. Embryogenesis certainly meets that criterion such that immediately following fertilization the embryo begins setting up the many different epigenetic profiles required for normal cellular processes in different cell types. These elegantly orchestrated epigenetic events are required for normal development of a multifunctioning, multicellular organism. Dysregulation of events that establish these required epigenetic profiles may perturb normal development during embryogenesis or perinatal development with the potential for late onset effects through adulthood. While scientific evidence on the interplay of epigenetics and nutrients builds, few have as yet, identified direct mechanisms involved. This section will briefly review recently examined mechanisms involved in nutrient-induced epigenetic changes within susceptible developmental time points and discuss modes of heritability.
Windows of Susceptibility
Potential windows of susceptibility where maternal nutrition may influence offspring epigenome include pre-conception, during gestation and postnatal during lactation. During these stages, epigenetic states within a cell change depending on current or future transcriptional needs. Genome-wide, DNA methylation is erased and reset in a process known as epigenetic reprogramming [26] . This occurs once during germ cell development (partly occurring in utero) and again immediately after fertilization. This reprogramming serves two purposes: (1) it prepares the cell for a new fate allowing the necessary genes to be activated or repressed, and (2) it erases previously acquired defects allowing for a new start with each generation. In addition to these genome-wide events, throughout embryonic and postnatal development, epigenetic states at specific genes or groups of genes within a pathway are programmed to meet the current or future needs of the cell. Because epigenetic states are determined based on timing and cell type, windows of susceptibility will depend on the phenotypic effect being investigated. Exciting new research has only begun to investigate how nutrientinduced epigenetic effects early in development may contribute to phenotypes in adulthood, during aging or those transmitted through multiple generations. Here, we will discuss a few recent findings that elucidate the timing of susceptibility windows during early development.
Preconception
Maternal nutrition before conception can affect epigenetic states in the oocyte, which may affect both oocyte development and postfertilization potential of the embryo. Recently, mouse oocyte quality was shown to be affected by maternal zinc deficiency during a 3-5 day window before ovulation [27] . According to their study, zinc deficiency during this time resulted in a significant decrease in global trimethylation of histone 3 Lysine 4 (H3K4me3, associated with gene activation) and global DNA methylation in superovulated GV oocytes [27] . These epigenetic defects were associated with fertilization potential, preimplantation embryo development and transcriptional perturbation at repeat elements and genes essential to embryo development. Zinc is an essential nutrient known to play a role in biosynthesis of S-adenosylmethionine (SAM), the substrate required for methyl group transfer [28] . Tian and Diaz [27] also showed that SAM supplementation rescues the effects of pre-ovulatory zinc deficiency on H3K4me3 and fertility potential. Studies such as this demonstrate that even very narrow windows of nutrient fluctuations may have significant repercussions on epigenetic states depending on timing and likely also the nutrient involved.
Gestation
Mouse models show that maternal choline deficiency between embryonic day 12 (E12) and E17 results in decreased global and gene-specific (Cdkn3, cyclin-dependent kinase inhibitor 3) DNA methylation in the E17 fetal brain (ventricular and sub-ventricular zones of Ammon's horn) [29] . DNA methylation changes at Cdkn3 (a cell proliferation inhibitor) was correlated with protein levels and is consistent with previous findings of reduced cell proliferation within the Ammon's horn associated with choline deficiency [30, 31] . In a separate study using rat models, choline availability through enrichment or deficiency between E11 and E17 was linked to DNA methylation changes at histone methyltransferase genes, G9a and Suv39h1 in E17 liver [32] . These changes were correlated with RNA and protein expression levels at these loci as well as levels of active (H3K4me2) and repressive (H3K27me3 and H3K9me2) histone modifications.
Postnatal
The least investigated effects are those occurring after birth during lactation. Recently Niculescu et al. [33 • ] investigated the effect of perturbation of a-linolenic acid (ALA) intake on DNA methylation and x-3/x-6 fatty acid metabolism pathways. Using mouse models, they found epigenetic defects present in offspring (liver) from dams that were ALA deficient before, during and after gestation, were absent in offspring from dams that were fed ALA diets before and during gestation but supplemented with ALA during lactation. This important finding demonstrates that epigenetic effects induced by nutrient intake during preconception and/or gestation may be rescued by postnatal dietary changes. It also brings to light the concept that windows of rescue may exist for epigenetic defects incurred in the fetus.
Direct and Indirect Effects
In addition to difficulties pinpointing windows of susceptibility, another major difficulty in dissecting roles of nutrition in epigenetic states during development is the inability to identify direct mechanisms of perturbation. For many of the epigenetic defects and downstream phenotypes it remains unclear whether the link to nutrition is directly linked to nutrient pathways or indirect effects of global dysregulation and whether the epigenetic effects observed are causal or the result of other unrelated defects.
Many recent studies target the methyl donor pathway to identify mechanisms of nutrient-induced epigenetic perturbation. Methyl donor nutrients are part of the more complex one-carbon metabolism pathway that involves carrying, transfer and activation of carbon units required for serine to glycine conversion, purine and pyrimidine synthesis required for DNA and RNA synthesis and repair, and methyl group transfer required for DNA methylation [34] . The latter activity highlights a potential direct link between methyl donor nutrients (folate, choline, betaine, vitamin B 12 , and zinc) and epigenetic states during development. This initially suggests a simplified view of negative effects of deficiency and positive effects of supplementation. However, new findings elucidate the complexity of effects induced by altering methyl donor nutrient intake such that both deficiency and enrichment results in epigenetic perturbation creating a u-shaped response curve. Furthermore, interactions between nutrients in the methyl donor pathway and the potential involvement of indirect effects caused by other non-DNA methylation related functions of the one-carbon metabolism pathway cannot be ignored when extrapolating results.
Aside from the methyl donor pathway, additional mechanisms modulate epigenetic states. Vitamin A deficiency prior to and during gestation was shown to be associated with abnormal heart development and altered promoter methylation and expression of the transcription factor Gata-4 in the heart [35] . These defects coincided with significant expression changes at DNA methyltransferase genes (Dnmt): increase in Dnmt1 and decrease in Dnmt3a and Dnmt3b. Interestingly, vitamin A supplementation partway through gestation restored Gata-4 promoter methylation but did not completely restore Gata-4 mRNA levels. These findings link vitamin A to DNA methylation through DNMT function as a potential source of methylation perturbation.
In a potentially unrelated mechanism, low-protein diets in porcine models during the gestational-lactation period were shown to alter offspring body and organ weight [36] . These phenotypic changes were associated with serum and liver cholesterol levels as well as hepatic upregulation of genes involved in cholesterol biosynthesis and metabolism (3-hydroxy-3-methylglutaryl-CoA, HMGCR and cholesterol-7-alpha-hydroxylase, CYP7a1). Gene expression changes were attributed to decreased trimethylation of histone 3 Lysine 27 (H3K27me3, a repressive histone mark). A separate study showed that both dietary protein enrichment and deficiency resulted in significant changes in expression of Dnmt1, Dnmt3a and Dnmt3b and hepatic global methylation [37] . Interestingly, the severity of effects on global DNA methylation was observed at different stages of embryonic development (dpc95 and dpc188, respectively) depending on the diet (enriched or deficient), suggesting mechanistic differences.
Finally, vitamin D levels have also been shown to determine epigenetic states during fetal development. Active vitamin D metabolite, 1a, 25-dihydroxyvitamin D3 [1,25(OH)2D3] was shown to induce expression of multiple histone demethylases including lysine-specific demethylases, LSD1 and LSD2, and members of the Jumonji C (JmjC) domain-containing demethylases including JMJD3, HSP-BAP1, JARID2 and KDM5B. Meanwhile, 1,25(OH)2D3 inhibits expression of JmjC domain-containing demethylases KDM4A/4C/4D/5A/2B, HIF1AN, JMJD5/6, HR and PLA2G4B [38 • , 39] . Histone methylation plays an important role in gene activation and repression depending on the histone residue that is methylated and whether it is mono-, dior tri-methylated. Although carried out in cell lines, these findings have significant implications for the role of nutrition in epigenetic states during early development and it is likely that ongoing studies will address this topic.
Heritability
Potential mechanisms of heritability may play a significant role in epigenetic defects acquired during early development such that heritable factors transmitted from parent to child may affect susceptibility to nutrient-induced epigenetic perturbation. Such mechanisms of heritability are poorly understood but here we will discuss a few recent studies that illustrate potentially relevant mechanisms.
Based on previous studies in humans, inheritance of naturally occurring genetic variants that alter function of nutrient metabolism genes (e.g. Mthfr, methylenetetrahydrofolate reductase), confers susceptibility to epigenetic defects [40] [41] [42] [43] [44] . It is hypothesized that these effects are due to altered biosynthesis of SAM through the methyl donor pathway.
A second potential mode of inheritance is through nutrient-induced DNA damage, particularly if the damage occurs during critical time points of embryogenesis or PGC development, are not properly (genetically and epigenetically) repaired, and do not eliminate function of essential genes. Deficiency in a combination of choline, folate and methionine in adult rat models resulted in accumulation of 8-oxodeoxyguanosine and 3_OH-end strand breaks in hepatic DNA [45] . A more recent study combining in utero folate depletion and postnatal high-fat diet reports marginally increased oxidative damage in the brain compared to in utero folate depletion alone; suggesting that DNA damage in the fetus creates increased susceptibility to postnatal effects of a high fat diet [46 • ]. More importantly, the increase in oxidative DNA damage was associated with decreased base excision repair (BER), an activity previously linked to disruption of DNA methylation. BER components are upregulated in PGC's [47] , thereby establishing a potential mechanistic link in timing between DNA repair and DNA methylation. Investigating the role of nutrition on such effects during germ cell development in the fetus will allow for identification of nutrientdependent effects with heritable consequences.
Aggregate Interactions
Aggregate interactions likely play a significant role in determining health and fitness outcomes related to nutrient availability during early development. These interactions are usually complex in nature and may explain why an individual is responsive or non-responsive to nutritional stimuli. Here, we discuss new findings regarding interactions with maternal nutrient intake that determine offspring epigenetic programming and ultimately offspring phenotypic outcomes. These include nutrient-nutrient, nutrient-gene, and nutrient-toxicant interactions. While the interactions discussed here are not all-inclusive and often are not examined in developmental models, they represent likely suspects for perturbing epigenetic states during early development and open new doors to understanding determinants of epigenetic fate.
Nutrient-Nutrient
Most nutrients work together in complex interacting pathways for proper use in cellular processes. Recent studies highlight the benefits of a balanced ratio of these nutrients with others, somewhat contradicting the benefits of supplementation of individual components.
Recent studies focus on interactions between nutrients that modulate fatty acid metabolism and bioavailability. The ratio of folate to vitamin B 12 levels was found to be essential for normal DNA methylation states in placenta [48] . While vitamin B 12 deficiency alone did not affect DNA methylation in placenta, the combination of B 12 deficiency and excess folate resulted in reduced global DNA methylation in placenta and lowered plasma and placental levels of the x-3 fatty acid, docosahexaenoic acid (DHA). These effects were rescued by supplementation with x-3 fatty acids, demonstrating a link between the two nutrient pathways. In support of a link between fatty acid pathways and 1-carbon metabolism, methyl donor nutrient supplementation (choline, betaine, vitamin B12, and folic acid) was shown to rescue effects of obesogenic high fatsucrose diet on hepatic triglyceride accumulation but exacerbated the effects on DNA methylation at the fatty acid synthase (Fasn) promoter and Fasn expression [49 • ]. Likewise, studies show that while high fat diet alone is sufficient to increase atherosclerotic plaque formation, folic acid deficiency exacerbates this effect [50] . Although these effects are correlated with SAM levels, global DNA methylation in affected tissues was not significantly altered. In the reciprocal study, epigenetic defects detected in offspring exposed to high fat diet during gestation and lactation were rescued with methyl donor nutrient supplementation (choline, betaine, folic acid, vitamin B 12 , and zinc) [51] . These studies demonstrate clear links between methyl donor nutrient pathways and fatty acid metabolism during early development and may provide clues to early origins of metabolic syndrome related profiles later in life.
Repeat exposure to nutrient enrichment was also recently investigated by analysis of epigenetic and developmental effects of three generations of maternal obesity in a mouse model [25] . Multigenerational exposure to high fat diet resulted in multigenerational effects on promoter methylation and expression at inflammatory response genes, Toll-like receptor genes 1 and 2 (Tlr1, Tlr2) and the linker for activated T-cells (Lat). Interestingly, severity of epigenetic defects increased with each generation and was linked to Dnmt1 expression changes. These studies highlight epigenetic response to repeat exposure to an obesogenic environment, a model that has direct relevance to human populations.
Nutrient-Gene
It is well acknowledged that genetic factors influence nutrient-induced effects. However, these interactions and how they affect epigenetic mechanisms are still poorly understood. Properly addressing this question requires thorough cross-disciplinary studies of genetics, epigenetics and nutrition and exploration of these interactions at the whole genome level, which remains a formidable but not impossible task. Many recent studies instead target specific loci.
DNA sequence changes at metabolic genes involved in the methyl donor pathways are most well studied with regards to nutrient-gene interactions [52] . When animals with dysfunctional alleles at these genes are challenged with methyl donor nutrient enrichment or deficiency, epigenetic states are seemingly perturbed further and correspond with an increase in adverse phenotypic outcome [53] . Likewise, humans carrying polymorphic alleles at these genes have increased risk of methylation defects [40] .
Studies also address interactions between nutrition and disease risk alleles. Ortega-Azorin et al. [54] report a link between diet and methylation regulated obesity risk alleles at FTO and MC4R (Fat mass and obesity and melanocortin-4 receptor, respectively) in determining type 2 diabetes risk. Alternatively, the role of as yet unidentified loci has been investigated. Choline and folate deficiency were shown to result in mouse strain dependent effects on expression at several one-carbon metabolism genes [55] , lipid metabolism genes, and markers of oxidative stress [56] . While the effect on one-carbon metabolism genes implies potential downstream DNA methylation defects and strain dependent effects strongly indicate the involvement of genetic factors, specific epigenetic effects and genetic elements were not investigated. Follow-up studies will likely address these areas and provide additional clues as to how genetic variation regulates epigenetic response to nutrition.
Nutrient-Toxicant
Initial studies reported that maternal nutrient supplementation (methyl donor nutrients and genestein, a soy-based xenoestrogen) rescues offspring epigenetic defects at the Agouti locus caused by the endocrine disruptor bisphenol A (BPA) [57] . However, a separate study showed that maternal supplementation of genestein or BPA alone versus genestein and BPA combined surprisingly did not result in visible phenotypes of epigenetic defects at the Agouti locus [58] . Therefore, while nutrient supplementation presents a very appealing resolution to address toxicant exposure, these interactions are likely more complex than initially thought. Interestingly BPA and genestein have also been used to investigate additive roles of environmental compounds that mimic endogenous estrogens in disease. Diets containing both BPA and genestein induced more severe effects compared to either alone including phenotypic effects on the central nervous system [59] and molecular effects on estrogen receptor 1 (ESR1) binding, global gene expression and protein regulation [60] . DNA methylation changes were not explored but were implied. Conflicting results between these and earlier studies may have more to do with the variable nature of epigenetic perturbation by BPA rather than with rescue potential of nutrient supplementation, however both pathways require further investigation to clarify.
Additive interactions between other prevalent toxicants and nutrient intake include a recent study showing aggregate effects of prenatal high folate diet and arsenic exposure on mouse fetuses [61 • ]. Inorganic arsenic alone caused significant changes in body weight and SAM and SAH levels in fetal liver, an effect exacerbated by folate supplementation including additional CpG island methylation changes in fetal liver at about 2,931 genes. Such findings suggest that nutrient supplementation in some situations may be harmful when exposure to toxicants are present.
Finally, sex-specific effects introduce an additional level of complexity to aggregate nutrient interactions that has yet to be fully explored. Nohara et al. [62] report that combined methyl donor nutrient deficiency (methionine, folic acid and choline) and arsenic exposure reduces global DNA methylation levels in male mouse liver but increased global DNA methylation in female mouse liver. These findings require additional studies to determine the mechanism but have great implications of a role for sex-specific differences in nutrition-induced epigenetic changes.
Conclusions
As discussed above, many recent breakthroughs elucidate our understanding of the role of nutrition in epigenetic perturbation and disease outcome. However, these findings seemingly open a Pandora's box of limitless possibilities involving combinations of mechanisms, timings, and interactive effects that can perturb epigenetic states during early development and result in adverse phenotypic outcomes (Fig. 1) . While many studies identify effects of nutrition on the epigenome during embryonic development, many ongoing studies aim to dissect mechanisms of perturbation. These will determine how multiple molecular pathways intersect to exacerbate or negate detrimental effects and whether these studies elucidate relevant solutions for human populations. Unfortunately, in many animal models, deficiencies or supplementations far exceed that found in human populations and results may represent the exaggerated effects of an overwhelmed biological system that may or may not occur in a human population. Also, the u-shaped dosage response of many nutrients such that dietary excess or deficiency has similar effects on the epigenome complicates efforts to understand mechanisms of perturbation. Overall, additional systematic and thorough studies are needed to support initial findings using animal models with human counterparts in mind for later translation.
Cross-disciplinary studies between genetics, epigenetics, nutrition and toxicology increase scientific capacity to dissect interacting pathways and aggregate effects. However, the results can be at times difficult to interpret. The development of new computational tools to analyze complex data and correlative relationships is required particularly in the area of epigenetic effects where statistical analysis still poses an especially difficult task. Of equal importance, computational tools and theoretical models are being developed to account for epigenetic variation in genetic association studies [63, 64] . Hopefully, this will increase power to identify previously inaccessible heritable disease markers.
Human studies represent a direct medium for addressing questions related to maternal nutrition and offspring outcome. However, limited access to epigenetically relevant tissues or cell types and control over timing of nutrient intake often prohibits identification of causal mechanisms and pathways. Increased interactions between researchers working with animal models and researchers with access to human phenotypic data and/or samples are helping alleviate these issues. In addition, support for studies using nontraditional model organisms (i.e. non-rodent) to answer questions related to maternal nutrition and offspring epigenetic perturbation may provide novel mechanistic links.
Finally, recent findings emphasize potentially adverse effects of nutrient supplementation and demonstrate the need for more studies examining aggregate effects as the basis of individual response. Such interactions will likely explain some of the contradicting findings between studies. Additional research areas needing expansion in order to fully understand the role of maternal nutrition in epigenetic origins of disease in the offspring include studies investigating the role of interactions between nutrition and the microbiome and the role of paternal nutrition. Both of these areas remain poorly developed but hopefully will be elucidated soon.
